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ABSTRACT 


Wohlwend,  Kirsten  M.,  M.S.  Department  of  Chemistry,  Wright  State  University,  1998. 
Substituent  Effects  on  the  Optical  Properties  of  Free  Base  a,  (3,  y,  8-Tetraphenyl 
porphyrin 

Optical  limiting  devices  have  gained  importance  as  more  laser  threats  have  been 
developed.  The  purpose  of  this  project  was  to  study  the  optical  properties  of  various 
substituted  groups  on  TPP  and  use  the  information  obtained  to  improve  materials  under 
investigation  for  potential  use  as  optical  limiting  dyes.  Compounds  were  obtained  that  had 
substituents  added  to  the  phenyl  groups  of  free  base  tetraphenyl  porphyrin.  Absorption 
peak  shifts,  molar  extinction  coefficient,  oscillator  strength,  fluorescence  peak  shifts,  and 
fluorescence  quantum  yield  were  measured.  Hammett  sigma  values  were  used  to  quantify 
the  electron  donating/withdrawing  capacity  of  the  substituents. 

All  optical  properties  studied  showed  a  change  in  value  based  on  the  electron 
donating/withdrawing  strength  of  the  added  substituent.  Both  absorbance  and 
fluorescence  spectra  showed  a  red  shift  with  more  electron  donating  substituents.  Molar 
extinction  coefficient,  oscillator  strength  and  fluorescence  quantum  yield  all  showed  an 
increase  with  more  electron  donating  substituents.  These  trends  can  be  used  to  design 
better  optical  limiting  materials  in  the  future. 
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The  Hammett  sigma  was  also  used  to  determine  the  extent  of  resonance.  When 
split  into  its  resonance  and  inductive  components  and  plotted  against  the  optical  properties 
studied,  average  values  of  approximately  69%  resonance  and  31%  inductance  were  found. 
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I.  INTRODUCTION 


Optical  limiters  are  devices  containing  dyes  that  undergo  a  nonlinear  optical 
mechanism.  Various  nonlinear  optical  mechanisms  can  occur.  These  include  nonlinear 
absorption,  nonlinear  refraction,  induced  scattering,  and  even  phase  transitions  [1]. 

A  reverse-saturable  absorber  (RSA)  is  a  type  of  dye  that  can  be  used  in  an  optical 
limiter.  It  undergoes  nonlinear  absorption  and  its  excited  states  follow  the  five  level  model 
shown  in  Figure  1. 


Figure  1.  RSA  Five  Level  Model 

RSA  occurs  when  the  excited  state  absorption  cross  section  is  larger  than  the  ground  state 
cross  section  [1,2].  To  have  good  nonlinear  absorption  properties,  a  RSA  must  have  a 
rapid  crossover  rate  between  S  i  — >T i ,  a  long  internal  conversion  lifetime,  and  a  long  triplet 
lifetime  [2].  Porphyrins,  as  a  group,  are  good  potential  optical  limiters  because  of  their  n 
electron  systems.  Perturbations  of  the  n  system  with  substituent  groups  vary  the  optical 
properties  of  the  molecule.  Being  able  to  change  the  maximum  wavelength  of  absorption 
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and  the  absorption  band  width  of  the  molecule  is  important  for  optical  limiting  research. 
This  allows  molecules  to  be  designed  for  specific  laser  threats. 

Prior  studies  have  shown  that  a,p,y,5-tetraphenylporphyrin  (TPP)  undergoes  RSA 
and  is  a  good  molecule  to  test  for  optical  limiting  [2].  Porphyrins  can  undergo  many 
different  reactions  allowing  for  the  synthesis  of  many  derivatives.  These  can  be  used  to 
determine  structure-property  relationships.  This  project  is  a  study  of  the  effect  of  attached 
substituent  groups  on  the  optical  properties  of  TPP.  A  TPP  skeleton  is  shown  in  Figure  2. 


Figure  2.  TPP  Skeleton 


OPTICAL  LIMITING 

Optical  limiting  is  used  when  decreasing  transmission  with  increasing  excitation  is 
needed.  An  important  application  for  optical  limiters  is  eye  and  sensor  protection  in 
optical  systems,  focal  plane  arrays  and  night  vision  systems  [1,3].  All  photonic  sensors, 
including  the  eye,  have  a  maximum  intensity  level  they  can  withstand  before  damage 
occurs.  Using  an  appropriate  optical  limiter  can  extend  the  dynamic  range  of  the  sensor 
and  allow  the  sensor  to  operate  under  harsher  conditions  than  normally  possible  [1]. 
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Recently,  much  effort  has  been  put  into  developing  a  passive  optical  limiter  for  this  type  of 
application. 

A  passive  optical  limiter  is  desired  because  it  automatically  responds  to  the  laser 
pulse  without  requiring  additional  equipment  or  electronics.  The  other  type,  a  dynamic 
limiter,  uses  active  feedback.  A  photosensor  is  required  to  detect  the  pulse  and  multiple 
other  components  are  needed  to  react  to  the  pulse.  These  systems  have  many 
disadvantages  including  high  complexity  due  to  all  the  components  and  slow  speeds 
because  the  components  must  communicate  with  each  other.  A  passive  optical  limiter 
requires  no  added  electronics.  Without  the  added  components,  it  is  simple  and  its 
response  to  the  pulse  is  just  an  inherent  response  of  the  dye,  which  may  have  a  response 
time  fast  enough  to  block  the  first  pulse  of  the  threat  laser  [1], 

This  inherent  response  is  a  nonlinear  mechanism.  These  mechanisms  can  include 
nonlinear  absorption,  nonlinear  refraction,  induced  scattering  and  phase  transitions.  All 
optical  nonlinearities  can  be  classified  as  either  instantaneous  or  accumulative.  Optical 
limiters  that  rely  on  instantaneous  nonlinearities  usually  work  over  a  broad  band  while 
limiters  that  rely  on  accumulative  nonlinearities  have  a  narrow  bandwidth  of  operation. 
Accumulative  limiters  can  depend  only  on  fluence  as  opposed  to  intensity  and  work  on 
longer  laser  pulses.  Instantaneous  limiters  require  higher  intensities  and  only  work  for 
short  laser  pulses  [1]. 

One  type  of  nonlinear  absorption  is  two  photon  absorption  (TP  A).  This  is  an 
instantaneous  nonlinearity.  An  absorbed  photon  promotes  an  electron  from  its  initial  state 
to  a  virtual  intermediate  state.  Then  a  second  photon  is  absorbed  that  promotes  the 
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electron  to  its  final  state.  Compounds  that  exhibit  TPA  will  react  almost  instantly  to  a 
pulse.  The  problem  is  that  high  intensities  are  needed  for  significant  TPA  to  take  place. 
Because  intensity  is  energy  density  divided  by  pulse  duration,  short  laser  pulses  are 
required  for  limiting  with  TPA  in  order  to  reach  an  energy  density  that  would  be  high 
enough  to  damage  an  unprotected  optical  sensor.  TPA  alone  is  not  enough  for 
nanosecond  or  longer  pulses  [1]. 

Examples  of  materials  that  exhibit  TPA  include  semiconductors,  diphenyl  polyenes, 
and  dithienyl  polyenes.  Semiconductors  have  a  narrow  band  gap  that  is  being  studied  for 
infrared  sensor  protection  [4-6].  Diphenyl  polyenes,  like  the  ones  shown  in  Figure  3,  have 
been  reported  to  show  TPA  [3,  7-14]. 


CK-Stilbene  1 ,4-Diphenyl- 1, 3-butadiene 

Figure  3.  Sample  Diphenyl  Polyenes3 


Dithienyl  polyenes,  including  those  shown  in  Figure  4,  have  also  been  reported  to  exhibit 
TPA  [7, 11]. 


2,2-Dithienyl  Polyene  3,3-Dithienyl  Polyene 

Figure  4.  Sample  Dithienyl  Polyenes13 
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One  of  the  reasons  all  of  these  compounds  were  studied  for  optical  limiting  is 
because  of  their  7t-electron  systems.  Conjugated  7t-electron  systems  tend  to  have  larger 
optical  nonlinearities  and  fast  response  times  because  it  is  relatively  easy  to  polarize  the 
extended  7t -electron  clouds  over  large  molecular  distances  [3, 15].  This  polarizability  can 
be  manipulated  even  more  by  adding  an  electron  donating  group  at  one  end  of  a  molecule 
and  an  electron  withdrawing  group  at  the  other  end.  This  ability  to  "push-and-pull"  the 
electron  density  makes  conjugated  71-electron  systems  attractive  for  optical  limiting. 

As  stated  before,  TPA  is  instantaneous  and  thus  is  only  useful  with  short  pulses  of 
high  energy.  Not  all  threats  correspond  to  those  conditions.  Thus,  an  optical  limiter  with 
an  accumulative  nonlinearity  would  be  useful.  One  type  of  optical  limiter  with 
accumulative  nonlinearity  is  one  that  exhibits  reverse  saturable  absorption  (RSA).  It  was 
first  reported  by  Guiliano  and  Hess  in  1967  [16].  They,  in  addition  to  many  other 
researchers,  were  investigating  various  dyes  for  use  in  the  newly  developed  field  of  lasers. 
Guiliano  and  Hess  saw  that  some  of  the  dyes  they  were  studying  darkened  at  high 
intensities  instead  of  bleaching  to  transparency.  The  darkening  was  caused  by  RSA.  It's 
mechanism  is  described  by  the  five  level  model  shown  in  Figure  1 .  RSA  occurs  when  the 
excited  state  absorption  cross  section,  a2,  is  larger  than  the  ground  state  absorption  cross 
section,  ct(.  The  opposite,  saturable  absorption,  causes  bleaching  at  high  incident  intensity 
[1].  The  darkening  and  bleaching  are  illustrated  in  Figure  5. 
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Reverse  Saturable 
Absorption 


_2 

Fluence  (J-cm  ) 
Saturable  Absorption 


Figure  5.  RSA  versus  Saturable  Absorption 


For  highest  efficiency,  the  crossover  rate  from  Si— >Tt  should  be  rapid,  both  the 
internal  conversion  lifetime  and  the  triplet  lifetime  should  be  long,  and  the  triplet  quantum 
yield  should  be  large  [1, 2, 17].  This  allows  for  the  population  of  the  triplet  state  and 
keeps  it  populated  throughout  the  pulse. 

As  with  TP  A,  many  different  classes  of  compounds  have  been  studied  that  undergo 
RSA.  These  include  fullerenes,  polycyclic  aromatic  hydrocarbon  diones,  phthalocyanines 
and  porphyrins  [1, 16-39]. 

Fullerenes,  especially  Cgo,  were  studied  in  the  early  1990s  because  the  optical 
limiting  performance  was  competitive  with  other  optical  limiting  materials  of  the  time  [18- 
21].  Bentivegna  et  al  even  showed  that  the  C6o  still  exhibited  RSA  when  incorporated  in 
solid  xerogel  matrices,  which  meant  C6o  was  versatile  [22].  C6o  is  now  the  organic  optical 
limiter  standard  for  RSA.  However,  at  high  fluences  C6o  did  not  work  as  well  as  hoped 
and  other  classes  of  compounds  were  studied  [23]. 

Polycyclic  aromatic  hydrocarbon  diones,  shown  in  Figure  6,  have  been  studied  by 

Natarajan  et  al  for  optical  limiting  since  the  mid  1990's. 
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Benzanthracene-3,4-dione 


B  enzpyr ene  -7,8-  dione 


Figure  6.  Sample  Polycyclic  Aromatic  Hydrocarbon  Diones 

These  were  studied  because  of  the  high  triplet  quantum  yields  that  were  previously 
reported  [24, 25].  They  were  found  to  show  better  overall  limiting  for  the  same  initial 
transmittance  when  compared  to  C6o  [17]. 

Conjugated  7t-electron  systems  improve  the  optical  limiting  performance  for 
compounds  that  exhibit  RSA  as  well.  Phthalocyanines,  with  their  conjugated  7t-electron 
system,  were  studied  for  optical  limiting  by  Van  Stryland  and  Perry  [26-28].  A 
phthalocyanine  is  shown  in  Figure  7. 


Figure  7.  Phthalocyanine  Skeleton 


Unfortunately,  there  are  a  few  problems  with  phthalocyanines.  They  have  low 
solubility  and  they  can  undergo  a  relatively  small  number  of  reactions.  While  not  being 
very  reactive  may  not  seem  to  be  a  big  problem,  when  trying  to  design  an  optical  limiter 
for  a  specific  sensor,  having  the  ability  to  make  small  changes  to  the  structure  of  the 
molecule  in  order  to  make  the  best  limiter  possible  is  important.  Thus,  a  related  class  of 
compounds,  porphyrins,  have  been  studied. 

The  basic  porphyrin  skeleton  is  shown  in  Figure  8. 


jS  A 


mi  =  meso  position 
/?= Beta  position 


Figure  8.  Porphyrin  Skeleton 


Porphyrins  have  a  conjugated  7t -electron  system,  similar  to  phthalocyanines.  Unlike 
phthalocyanines,  porphyrins  can  undergo  many  reactions  with  greater  ease.  While  there  is 
no  one  solvent  that  can  solubilize  all  porphyrins,  as  a  class  they  are  much  more  soluble 
than  phthalocyanines. 
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In  1985,  Blau  et  al  showed  that  free  base  tetraphenyl  porphyrins  and  their  metal 
salts  undergo  RSA  [29].  However,  using  porphyrins  for  optical  limiting  was  not  really 
examined  in  detail  until  the  mid  1990's. 

Halogenated  porphyrins  are  one  type  of  porphyrin  currently  being  studied  for 
optical  limiting  applications.  In  1992,  Bonnett  et  al  found  that  adding  even  just  one 
bromine  atom  at  any  beta  position  in  Figure  8  resulted  in  an  improvement  of  the  crossover 
rate  from  Si-VTi  to  almost  unity  [30].  Many  other  studies  using  different  halogens  and 
various  transitions  metals  to  create  the  metal  salt  were  completed  [30-37].  However, 
these  studies  were  focused  more  on  their  use  in  catalysis  and  not  on  optical  limiting.  In 
1996,  Tang  et  al  finished  their  initial  study  of  the  nonlinear  absorption  of  brominated 
porphyrins  and  found  that  many  of  their  compounds  outperformed  C6o  [38].  In  1998,  Su 
reported  more  in  depth  studies  of  the  RSA  for  brominated  porphyrins  [2]. 

Because  of  the  good  initial  results  of  the  porphyrins  modified  at  the  beta  positions 
of  Figure  8,  other  studies  of  porphyrins  have  been  completed  involving  substitutions  to  the 
meso  positions.  Optical  limiting  in  meso-alkynyl  porphyrins  was  reported  by  Tang's  group 
in  1997  [39].  Concurrently,  Su  reported  optical  properties  of  various  meso  substituted 
porphyrins  [40].  Based  on  those  results,  many  compounds,  including  TPP,  were  found  to 
have  good  enough  initial  results  to  warrant  further  studies. 

PORPHYRIN  BASICS  AND  THEORY 

While  the  five  level  model  for  RSA  is  applicable  to  the  porphyrins  studied,  basic 
porphyrin  theory  goes  back  to  Gouterman's  four  orbital  model  [41-44].  Gouterman's 
initial  porphyrin  theory  was  published  in  1959.  Gouterman  used  a  simple  Httckel  model 
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which  allowed  for  variations  in  the  porphyrin  skeleton  and  then  added  a  cyclic  polyene 
model  to  incorporate  electron  interaction  effects.  This  theory  predicted  intensity 
relationships  based  on  the  degree  of  degeneracy  of  the  top  filled  molecular  orbitals.  It  can 
be  extended  to  explain  TPP  properties  because  the  TPP  molecules  studied  have  four 
identical  phenyl  groups.  In  1985,  Balke  et  al  determined  that  when  four  identical  phenyl 
substituents  are  added  in  the  meso  positions  of  porphyrin,  the  system  is  forced  into  direct 
conjugation  [45].  Because  of  this,  the  effects  of  identical  substituents  on  all  four  phenyl 
groups  can  be  studied. 

Studying  effects  of  substituents  on  the  phenyl  groups  instead  of  the  effects  of  the 
same  substituents  substituted  directly  on  the  porphyrin  basic  skeleton  is  important  because 
it  is  easier  to  synthesize  the  variations  of  TPP.  Ease  of  synthesis  is  important  in  creating 
usable  optical  limiting  devices  because  they  must  be  economically  feasible,  both  in  direct 
monetary  terms  and  in  terms  of  time  invested.  While  the  compounds  used  in  this  study 
had  low  yields  compared  to  many  organic  reactions,  their  synthesis  was  still  much  easier 
than  a  corresponding  synthesis  directly  on  the  porphyrin  skeleton.  The  basic  TPP 
synthesis  was  based  on  the  work  of  Adler,  which  was  modified  based  on  the  specific 
porphyrin  desired  [46-49]. 

Before  going  into  Gouterman's  four  orbital  model  in  more  depth,  the  difference 
between  a  free  base  porphyrin  and  a  metal  salt  should  be  discussed.  The  free  base 
porphyrin,  shown  in  Figure  9,  has  hydrogen  attached  to  the  nitrogens  on  rings  2  and  4. 
This  causes  the  molecule  to  have  D2h  symmetry.  The  metal  salt,  shown  in  Figure  10,  has  a 
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metal  in  the  center  of  the  molecule.  Because  the  two  hydrogens  are  no  longer  there,  the 
molecule  now  has  D4h  symmetry. 


Figure  9.  Free  Base  Porphyrin  Figure  10.  Metal  Salt 

A  typical  metal  salt  spectrum  is  shown  in  Figure  11.  A  typical  free  base  spectrum  is 
shown  in  Figure  12.  The  strong  UV  band  is  called  the  B  or  Soret  band.  The  bands  in  the 
visible  region  are  the  Q  bands  [41].  The  Q  bands  were  multiplied  by  5  so  that  they  could 
be  seen  on  the  plots. 


Figure  1 1 .  Metal  Salt  Spectrum50 
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Soret 


Figure  12.  Free  Base  Sample  Spectrum 

The  Q  (0-1)  band  is  due  to  mixing  of  vibrational  and  electronic  motions  called  vibronic 
interaction.  It  borrows  intensity  from  the  allowed  Soret  transition  [42].  The  free  base 
porphyrin  spectrum  shows  a  splitting  of  the  Q  bands  compared  to  the  metal  salt.  These 
are  labeled  Qx(0,0)  and  Qy(0,0).  Each  have  a  vibronic  overtone  band  labeled  Qx(0-1)  and 
Qy(O-l).  This  Q  band  splitting  has  to  do  with  symmetry  differences  between  the  free  base 
and  metal  salt  and  will  be  discussed  momentarily. 

The  simple  Huckel  model  was  the  first  model  to  involve  the  shape  of  the  porphyrin 
molecule  in  its  calculations  [44].  The  MOs  calculated  are  shown  in  Figure  13. 
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Figure  13.  Porphyrin  MOs44 

Longuet-Higgins  et  al  found  that  the  highest  occupied  molecular  orbitals,  the  HOMOs, 
were  3a2u(7t)  and  laiu(7i)  while  the  two  degenerate  4eg(7t*)  were  the  lowest  unoccupied 
molecular  orbitals,  the  LUMOs  [51].  The  3a2u— >4eg  transition  was  calculated  to  be  lower 
energy  than  the  laiu->4eg  transition.  Therefore,  the  Q  bands  come  from  the  first  transition 
while  the  B  band  comes  from  the  second  transition.  While  this  model  did  give  an  idea  of 
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where  the  bands  should  occur,  it  predicted  they  would  be  equal  intensity.  Thus,  this 
model  only  helped  by  giving  an  idea  of  what  changes  to  the  porphyrin  skeleton  will  do  to 
the  shifting  of  the  bands. 

To  account  for  electron  interactions,  a  cyclic  polyene  model  is  used.  The  metal 
salt  can  be  described  as  a  16  membered  cyclic  polyene  with  18  71  electrons.  This  inner  16 
membered  conjugated  system  can  be  seen  in  Figure  14  [52]. 


Figure  14.  16  Membered  Conjugated  System52 

For  the  symmetrical  metal  salt,  the  x  and  y  components  of  the  molecule  are  the  same  thus 
the  Qx  and  Qy  spectral  bands  are  degenerate.  The  metal  it  electrons  interact  with  the  a2U 
orbital  and  conjugates  with  the  n  electrons  in  the  ring  [43].  The  transitions  seen  are 
a2u~>eg  and  aiu_»eg  transitions.  The  energy  associated  with  this  transition  is  in  the  right 
region  for  the  porphyrin  spectrum,  thus  this  simple  model  works. 

In  order  to  describe  the  splitting  of  the  Q  band  seen  in  the  free  base  porphyrin,  an 
18  membered  cyclic  polyene  with  18  n  electrons  must  be  used  [43].  This  18  membered 
ring  is  shown  in  Figure  15  [44]. 
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Figure  15.  18  Membered  Conjugated  System44 
The  four  orbital  model  tried  to  take  the  best  from  each  of  these  previous  models 
and  make  it  general  enough  to  explain  both  metal  salts  with  their  high  degree  of  symmetry 
and  free  base  porphyrins  with  their  lower  symmetry.  To  accommodate  the  difference  in 
symmetry  between  the  free  base  and  the  metal  salt,  the  MOs  shown  in  Figure  13  were 
relabeled  using  bi  and  t>2  for  the  HOMOs,  while  the  LUMOs  were  relabeled  Ci  and  C2. 
Using  the  b  and  c  labels,  all  the  possible  transitions  between  the  b  and  c  orbitals  are  shown 
in  Figure  16  [41] 


Figure  16.  Possible  Porphyrin  Transitions41 
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This  study  was  of  free  base  porphyrins  so  it  is  necessary  to  determine  which  of  the  four 
transitions  above  occur  for  the  free  base.  The  orbital  energies  change  as  the  porphyrin 
goes  from  the  metal  salt  to  the  free  base.  This  can  be  shown  by  looking  at  electron 
density.  Orbital  Ci  has  its  electron  density  more  on  the  nitrogens  of  rings  1  and  3  while 
orbital  C2  has  the  opposite.  Assuming  the  protons  add  on  the  x  axis,  they  are  added  to  the 
nitrogens  on  rings  2  and  4  [41].  This  lowers  the  energy  of  orbital  C2  when  compared  to 
orbital  Ci,  thus  Figures  16  A  or  B  would  be  correct.  In  1961,  Gouterman  reported  that  b2 
is  higher  than  bi  for  free  base  porphyrin  [41].  He  based  this  conclusion  on  the  spectrum 
shown  by  the  free  base  porphyrin.  Thus,  Figure  16  A  is  true  for  free  base  porphyrin. 

The  Q  band  intensities  are  based  on  the  relative  energies  of  transitions  from  the 
HOMO  (b  level)  to  the  LUMO  (c  level).  If  the  transition  energies  are  equal,  the  Q  (0-0) 
bands  have  no  intensity  and  as  the  transition  energies  start  to  vary,  the  Q  (0-0)  bands  gain 
intensity  [41].  This  can  be  used  to  predict  how  porphyrin  spectra  should  appear. 

In  the  HOMOs  of  TPP,  the  phenyl  groups  affect  orbital  bi  the  most.  Adding  the 
four  phenyl  groups  to  form  TPP  from  free  base  porphyrin  adds  electron  density  to  orbital 
bi  raising  it  in  relation  to  orbital  b2.  Raising  this  orbital  causes  a  larger  relative  difference 
between  the  transitions  for  Qx  and  Qy  which  causes  Qx  (0-0)  and  Qy  (0-0)  to  gain  strength 
relative  to  free  base  porphyrin.  Electron  donating  groups  substituted  on  the  phenyl  rings 
would  also  raise  the  energy  of  orbital  bi  while  electron  withdrawing  groups  would 
decrease  the  energy  of  the  orbital  [53]. 
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UV-VIS  SPECTROPHOTOMETRY 


For  optical  limiting  applications,  UV-VIS  absorption  is  important.  Absorption 
maxima  set  the  limits  on  the  useful  range  of  the  dye  being  studied.  Improving  an  optical 
limiting  device  would  involve  making  it  have  an  absorption  maximum  at  the  proper 
wavelength  to  protect  against  the  specific  laser  threat.  Another  improvement  is  to 
increase  the  bandwidth  of  the  absorption.  This  would  allow  the  limiter  to  protect  against  a 
wider  threat  range. 

The  equation  describing  UV-VIS  spectra  is  the  Beer-Lambert  Law,  shown  as 
equation  (1), 

A  =  abc  Equation  (1) 

where  A  is  absorption,  a  is  absorptivity,  b  is  sample  thickness  and  c  is  sample 
concentration  in  moles  L"1.  Absorptivity  is  constant  for  each  compound  but  is  dependent 
on  wavelength  and  is  called  molar  absorptivity  or  molar  extinction  coefficient,  s,  when  its 
units  are  L  mol'1  cm'1.  The  Beer-Lambert  law  is  linear  over  a  certain  range  of 
concentrations  and  then  becomes  nonlinear  as  concentration  increases.  This  can  be  seen  in 
Figure  17. 


Figure  17.  Beer-Lambert  Law 
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Molecular  interactions  are  what  cause  the  nonlinearity  at  higher  concentrations.  The 
Beer-Lambert  law  requires  dilute  concentrations  so  that  each  molecule  behaves 
independently  of  the  others.  When  the  concentration  is  no  longer  in  the  linear  range,  the 
equation  cannot  be  used  to  determine  molar  extinction  coefficient. 

MOLAR  EXTINCTION  COEFFICIENT 

The  molar  extinction  coefficient  of  a  compound  defines  the  probability  that  an 
electronic  transition  will  take  place  in  a  known  concentration  of  the  compound  [54].  It  is 
a  physical  property  describing  the  absorbed  radiation  of  compounds  and  can  thus  be  used 
to  quantitatively  compare  promising  molecules.  It  is  solvent  dependent  [55]. 

In  optical  limiting,  a  high  molar  extinction  coefficient  is  desired.  A  dye  with  a  low 
8  would  require  a  long  path  length  for  it  to  be  effective  against  a  laser  threat.  For 
porphyrins,  the  Soret  band  has  molar  extinction  coefficients  in  the  105  range  while  the 
weak  Qx(O-O)  band  has  molar  extinction  coefficients  in  the  103  range  [31, 45,  56,  57]. 
These  values  are  high  enough  for  porphyrins  to  be  considered  for  optical  limiting 
applications. 

OSCILLATOR  STRENGTH 

Another  calculation  that  can  be  used  is  oscillator  strength.  Oscillator  strength  is 
the  excitation  probability  of  an  electron  in  a  nuclear  framework  [58].  It  is  a  theoretical 
quantity  that  is  defined  by  equation  2, 

/  s  4.3*1(T9  Jf  dv  Equation  (2) 

where  s  is  the  molar  extinction  coefficient  and  v  is  the  energy  in  wavenumbers  of  the 
absorption  in  question  [58].  Oscillator  strength  can  be  approximated  using  equation  3, 
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^maxAv, 

Equation  (3) 

where  Avm  is  the  width  of  the  absorption  band  in  wavenumbers  at  sm  [58]. 

Because  oscillator  strength  is  based  on  molar  extinction,  a  relatively  high /is 
desired  for  a  good  optical  limiter.  For  variations  of  TPP,  oscillator  strength  values  for  the 
Soret  band  between  1.00  and  2.00  have  been  reported  while  the  Qx(0-0)  band  has  values 
in  the  10'3  range  [56,  59]. 

FLUORESCENCE 

Another  important  optical  property  is  fluorescence.  Figure  18  shows  a  diagram  of 
fluorescence  and  phosphorescence.  The  molecule  absorbs  a  photon  which  causes  an 
electronic  excitation.  This  excess  energy  can  be  released  through  fluorescence, 
phosphorescence  or  nonradiative  decay  (heat).  In  Figure  18,  fluorescence  is  shown  as  the 
drop  from  the  Si  state  to  the  S0  state.  This  is  an  allowed  conversion  with  a  rate  constant 
ofkf.  Ti  to  So  is  phosphorescence.  In  order  for  Ti  to  be  populated  so  that 
phosphorescence  can  occur,  intersystem  crossing  from  Si  to  Ti  is  necessary.  The  rate 
constant  for  intersystem  crossing  is  ksT-  The  reverse,  Ti  to  Si  and  then  a  decay  from  Si  to 
So,  is  delayed  fluorescence.  The  wavy  lines  in  Figure  1 8  denote  radiationless  transfers. 
Chemical  reaction  and  interaction  with  other  molecules  in  solution  are  also  possible  ways 
to  get  rid  of  the  excess  energy.  However,  when  low  concentrations  are  used  those 
pathways  are  minimized. 
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Figure  18.  Absorption/Emission  Basics 


For  optical  limiting,  fluorescence  should  be  minimized.  When  fluorescence  is 
significant,  intersystem  crossing  is  inefficient  which  decreases  the  population  of  the  triplet 
state.  Because  population  of  the  triplet  state  is  what  makes  a  good  RSA  optical  limiter, 
strong  fluorescence  tends  to  indicate  poor  optical  limiting  performance. 

QUANTUM  YIELD 


The  quantum  yield,  <|>,  is  the  ratio  between  the  number  of  photons  emitted  and  the 
number  of  photons  absorbed  for  the  compound.  For  nonlinear  absorption,  a  low 
fluorescence  quantum  yield,  <|>f,  is  desired.  With  low  fluorescence  there  is  efficient 
intersystem  crossing.  This  allows  quantum  yield  for  triplet  formation,  <|)t,  to  be  maximized. 

One  method  of  measuring  quantum  yield  is  by  relating  the  compound  with  an 
unknown  quantum  yield  to  a  compound  with  a  known  quantum  yield.  For  this  method, 
equation  4  is  used. 


Qu=Qr 
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Equation  (4) 


where  Q  is  the  quantum  yield,  A(k)  is  the  absorbance/cm  of  the  solution  at  the  exciting 
wavelength  X,  I(A,)  is  the  relative  intensity  of  the  exciting  light  at  wavelength  X,  n  is  the 


20 


average  refractive  index  of  the  solution,  and  D  is  the  integrated  area  under  the  emission 
spectrum.  The  subscript  u  refers  to  the  unknown  solution  while  the  subscript  r  refers  to 
the  reference  solution  [60].  In  order  to  simplify  the  calculation,  the  UV-VIS  spectra  of 
both  the  reference  and  unknown  can  be  used  to  find  crossover  points,  points  in  which  both 
the  reference  and  the  unknown  have  the  same  absorption  at  the  same  wavelength.  The 
concentration  of  the  reference  is  varied  so  that  the  crossover  occurs  at  an  absorption 
around  0. 1  and  near  the  maxima  of  the  peaks.  Doing  this  makes  A(X)  the  same  for  both 
reference  and  unknown.  Because  one  instrument  is  run  at  the  same  wavelength  for  the 
reference  and  unknown  solutions  within  a  short  period  of  time,  I(A,)  are  the  same  for  the 
reference  and  unknown  solutions  because  instrument  drift  is  not  an  issue.  This  reduces 
equation  4  to  equation  5. 

(WaTI 

Qu  =Qr  ~T  7T  Equation  (5) 

\nrJ\UrJ 

Equation  5  requires  certain  assumptions  in  order  to  be  valid  [60].  The  integrated 
luminescence  intensity  must  be  proportional  to  the  fraction  of  light  absorbed.  With  high 
optical  densities,  luminescence  is  sometimes  only  on  the  front  surface  of  the  cuvette  which 
makes  the  proportion  nonlinear.  To  avoid  this  problem,  a  maximum  absorption  of 
approximately  0. 1  is  used  to  make  sure  the  solutions  have  low  optical  densities.  Other 
assumptions  needed  are  that  all  geometrical  factors  must  be  identical,  the  excitation  beams 
must  be  monochromatic,  the  reflection  losses  need  to  be  the  same,  internal  reflection 
effects  need  to  be  equal,  reabsorption  and  reemission  need  to  be  negligible,  all  light 
emanating  from  the  cuvette  must  be  isotropic,  and  the  slit  widths  need  to  be  the  same. 


This  method  was  used  by  Loppnow  et  al  with  much  success  in  the  study  of  porphyrins 
[61]. 

Quantum  yield  can  also  be  understood  through  equations.  Equation  6  is  a  more 
theoretical  definition  of  quantum  yield  of  emission, 

<£>e  =  t  Equation  (6) 

where  <j).  is  the  formation  efficiency  of  the  emitting  state,  ke°  is  the  rate  constant  for 
emission,  and  x  is  the  measured  experimental  lifetime  of  the  emitting  state  [58].  The 
definition  of  experimental  lifetime,  t,  is  shown  in  equation  7, 

1 

7  =  k^+Yjc  Equation  (7) 

where  Ski  is  the  sum  of  all  rate  constants  that  deactivate  the  emitting  state  [58].  Because 
the  emitting  state  is  the  absorbing  state,  <|>*  is  unity,  ke  =  kf,  and  Ski  =  ksT  [58].  Thus, 
equation  6  reduces  to  equation  8. 

kf 

®f=kfts  =  -  —  Equation  (8) 

/C y  i~  /Cgy* 

To  minimize  <|>f,  either  kf  needs  to  be  very  small  or  ksT  needs  to  be  very  large. 

HAMMETT  SIGMA 

For  this  project,  a  quantitative  method  for  comparison  of  the  electron 
donating/withdrawing  properties  of  the  substituent  groups  was  desired  so  that  changes  in 
the  optical  properties  caused  by  those  groups  could  be  compared  more  accurately.  This 
problem  was  resolved  with  the  use  of  the  Hammett  sigma  parameter.  The  Hammett  a  is  a 
sum  of  both  resonance  and  field  effects  of  a  group  attached  to  a  benzene  ring.  In  1991, 
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Hansch  et  al  compiled  a  list  of  all  examples  where  both  am  and  op  were  reported  [62]. 
When  multiple  values  existed  in  the  prior  literature,  they  selected  the  set  that  seemed  most 
reliable.  These  values  have  been  determined  using  the  Hammett  equation  shown  in 
equation  9,  organic  reactions,  or  19F  NMR  substituent  chemical  shifts  [62]. 

ctx  =  log  Kx  -  log  Kh  Equation  (9) 

In  this  equation,  Kh  is  the  ionization  constant  for  benzoic  acid  in  water  at  25  °C  and  Kx  is 
the  constant  for  the  substituted  benzoic  acid.  Values  exist  for  the  para  and  meta  positions 
[62].  This  treatment  usually  fails  for  the  ortho  position,  thus  no  ortho  values  are  available. 
An  electron  withdrawing  group  has  a  positive  a  while  an  electron  donating  group  has  a 
negative  a  value. 

In  1975,  Meot-Ner  and  Adler  reported  using  the  Hammett  sigma  to  study 
substituent-induced  frequency  shifts  of  the  porphyrins  they  studied,  including  some  para 
substituted  TPP.  They  found  that,  for  free  base  spectrum  shifts,  the  best  correlation  was 
given  by  the  combination  a  coefficient  equation,  aRaR  +  aicii  [53].  This  equation  splits  the 
resonance  and  field  effects  so  that  the  percentage  of  each  contributing  to  the  change  can 
be  determined.  The  values  for  aR  and  ai  are  the  respective  percentages  due  to  resonance 
and  field  effects,  and  they  total  unity  when  added  together.  The  or  and  oi  are  the 
resonance  and  field  components  of  op.  This  is  shown  in  equation  10. 

or  +  cti  =  op  Equation  ( 1 0)62 

Meot-Ner  and  Adler  determined  that  when  aR  =  0.8  and  ai  =  0.2,  their  data  showed  the 
best  correlation  [53].  Such  a  high  amount  of  resonance  was  unusual  because  the  phenyl 
rings  are  not  in  the  plane  of  the  porphyrin  skeleton,  due  to  steric  hindrance. 
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STERIC  HINDRANCE 


While  the  Hammett  cr  works  well  for  meta  and  para  substituents,  steric  hindrance 
is  where  ortho  substituents  have  their  greatest  effect.  When  the  phenyl  rings  are  added  to 
the  basic  porphyrin  skeleton,  the  rings  cannot  remain  coplanar  with  the  skeleton.  This  is 
shown  in  Figure  19. 


Figure  19.  Energy  Minimized  Structure  of  TPP63 

According  to  Meot-Ner  and  Adler,  there  are  approximately  40  degrees  between  the  phenyl 
and  porphyrin  planes  for  TPP  in  solution  [53].  Adding  a  substituent  to  the  ortho  position 
of  the  phenyl  groups  creates  steric  problems.  As  the  phenyl  group  rotates,  the  ortho 
substituent  sterically  interacts  with  the  porphyrin  %  system  [64,  65].  This  steric  repulsion 
causes  a  decrease  in  the  energy  of  orbital  bi.  An  ortho  effect  for  TPP  has  been  reported 
before  [53,  56,  64].  These  researchers  all  found  a  blue  shift  in  the  absorption  for 
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substituents  in  the  ortho  position  when  compared  to  the  absorption  of  the  same  substituent 
in  the  para  position.  The  decrease  in  energy  of  orbital  bi  results  in  an  increase  in  the 
energy  of  the  transition,  thus  giving  a  blue  shift. 

Even  though  the  porphyrin  nucleus  and  the  phenyl  groups  are  not  coplanar,  Meot 
Ner  and  Adler  showed  that  resonance  interactions  are  still  significant  [53].  The  phenyl 
rings  interact  conjugatively  and  inductively  with  orbital  bi  because  of  the  nodal  properties 
of  orbitals  bi  and  t>2  [64]. 

BASIC  STATISTICS 

When  a  large  number  of  points  are  available,  it  is  easy  to  see  if  a  real  trend  exists. 
Because  of  the  small  sample  size,  statistical  tests  were  necessary  to  be  sure  the  general 
trend  seen  was  statistically  significant.  Two  tests  were  used,  R2  and  the  F  test  statistic. 

R  is  the  multiple  correlation  coefficient.  The  value  of  R2  tells  the  proportion  of 
variability  in  y  explained  by  y's  relationship  with  x  [66].  It's  maximum  is  1  which  indicates 
a  perfect  correlation  while  its  minimum  value  of  0  indicates  no  correlation.  One  problem 
is  that  high  correlation  coefficients  can  be  obtained  in  models  with  no  physical  meaning 
[67].  To  make  sure  there  is  meaning  in  the  fit,  the  F  test  statistic  is  used. 

The  F  test  statistic  is  a  test  for  a  lack  of  fit.  It  is  used  to  compare  the  variance 
from  two  normal  populations  [66].  The  F  distribution  is  used  in  conjunction  with  the  F 
test  statistic  to  determine  the  confidence  interval.  For  most  experiments,  a  95% 
confidence  is  sufficient  [68].  Thus,  as  long  as  the  confidence  given  by  the  F  statistic  is  at 
least  95%,  there  is  a  trend. 
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PURPOSE 


Thus,  the  purpose  of  this  research  was  to  study  optical  properties  of  various 
substituted  tetraphenyl  porphyrins.  The  basic  TPP  structure,  shown  in  Figure  2  and  13, 
was  modified  by  adding  substituent  groups  to  the  attached  phenyl  rings  and  monitoring 
their  effect  on  UV-VIS  absorption,  molar  extinction  coefficient,  oscillator  strength, 
fluorescence  emission,  and  fluorescence  quantum  yield.  The  specific  optical  properties 
studied  can  be  used  to  predict  the  optical  limiting  capability  of  the  compounds. 

This  process  adds  to  the  expanding  knowledge  of  porphyrins  so  that,  some  day  in 
the  future,  dyes  can  be  more  easily  designed  for  specific  sensors  as  needed.  The  electron 
donating/withdrawing  capacity  of  the  modified  groups  on  the  porphyrin  can  also  be  used 
to  help  design  dyes.  Using  Hammett  sigma  plots,  comparisons  were  made  to  the  UV-VIS 
maximum  absorption,  molar  extinction  coefficient,  oscillator  strength,  fluorescence 
emission  and  fluorescence  quantum  yield.  Trends  in  these  optical  properties  are  influenced 
by  the  electron  donating/withdrawing  groups  which  affect  the  conjugated  % -electron 
system.  These  trends  clearly  show  that  substituents  can  enhance  or  detract  from  the 
optical  limiting  performance  of  a  dye,  thus  leading  to  the  evolution  of  more  promising 
materials. 
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II.  EXPERIMENTAL 


COMPOUNDS  USED 

All  compounds  were  obtained  from  Dr.  Weijie  Su  at  MLPJ,  Air  Force  Research 
Laboratory,  Wright  Patterson  Air  Force  Base.  The  basic  TPP  molecule,  shown  in  Figures 
2  and  19,  was  modified  by  adding  substituents  to  the  phenyl  rings.  Table  1  shows  the 
phenyl  rings  with  the  added  substituents.  It  also  shows  the  solvent  used  for  molar 
extinction  and  quantum  yield. 

The  Hammett  ct  values  used  are  shown  in  Table  2.  The  am  is  only  listed  for  those 
compounds  that  have  a  meta  substituent  on  the  phenyl  ring.  The  ctp  listed  is  for  the  para 
substituent.  The  ctr  and  tri  are  listed  for  those  compounds  with  only  a  para  substituent. 
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Table  1.  Substituents  Added 
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Table  2.  Hammett  Sigma  Values 


Compound 

Om 

oP 

Total  ct 

CTr 

Oi 

TNH2PP 

-0.66 

-0.66 

0.08 

-0.74 

msssssssemm 

-0.10 

-0.37 

-0.57 

TOHPP 

-0.37 

-0.37 

0.33 

-0.70 

TOCHjPP 

-0.27 

-0.27 

0.29 

-0.56 

-0.17 

-0.17 

TCHjPP 

-0.17 

-0.17 

0.01 

-0.18 

TS03PP 

0.35 

0.35 

0.29 

0.06 

TCOOHPP 

0.45 

0.45 

0.34 

0.11 

TCOOMePP 

0.45 

0.45 

0.34 

0.11 

TPFPP 

0.34 

0.06 

0.74 

T(CH3)3NPPC1 

0.82 

0.82 

0.86 

-0.04 

ABSORPTION  ^  SHIFT  STUDY 

A  Perkin  Elmer  Lambda  9  UV/VIS/NIR  Spectrophotometer  was  used  to  obtain 
the  UV-VIS  absorption  spectra  of  each  compound  from  300nm  to  800nm  Quartz  cells 
were  used  for  all  measurements.  To  prevent  skewing  from  solvent  effects,  the  same 
solvent  was  used  for  all  the  compounds  to  determine  Xmax  shifting  due  to  substituent 
groups.  This  could  be  done  because  concentration  and  intensity  of  absorption  were  not  an 
issue.  The  solvent  used  was  a  mix  of  equal  parts  DCM,  DMF,  and  MeOH.  The  Xmax  of 
each  peak  was  then  compared  for  all  the  compounds. 

MOLAR  EXTINCTION  COEFFICIENT 

The  Perkin  Elmer  Lambda  9  UV/VIS/NIR  Spectrophotometer  was  used  to  obtain 
the  UV-VIS  absorption  spectrum  of  each  compound  from  300nm  to  800nm.  Due  to  the 
concentrations  that  were  necessary  for  the  calculation,  different  solvents  were  used  based 
on  the  compound  and  are  shown  above  in  Table  1.  A  series  of  nine  known  concentrations 
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was  made  for  each  compound.  Beers  Law  and  linear  regression  were  then  used  to 
calculate  molar  extinction  coefficient  for  each  peak  in  the  absorption  spectrum  observed 
for  each  compound. 

OSCILLATOR  STRENGTH 

The  molar  extinction  coefficient  and  the  corresponding  UV-VIS  absorption 
spectrum  were  used  to  calculate  oscillator  strength  with  equation  3. 

FLUORESCENCE  SHIFT  STUDY 

A  Perkin  Elmer  Luminescence  Spectrometer  LS  50B  was  used  to  measure  the 
fluorescence  emission  of  each  compound.  To  prevent  skewing  from  solvent  effects,  the 
same  solvent  was  used  for  all  the  compounds  to  determine  the  fluorescence  spectral 
shifting  due  to  substituents.  The  solvent  used  was  equal  parts  DCM,  DMF,  and  MeOH. 
The  peak  fluorescence  emission  wavelength  for  each  compound  was  then  compared. 
QUANTUM  YIELD  DETERMINATION 

The  Lambda  9  and  the  LS  50B  were  used  to  determine  the  quantum  yield  for  each 
compound.  The  Lambda  9  was  used  to  determine  crossover  points  in  the  UV-VIS 
spectrum  for  the  sample  and  a  standard  with  a  known  quantum  yield.  TPP  in  toluene  was 
used  as  the  standard.  It  has  a  known  quantum  yield  of  0.1  [69].  The  concentration  of 
TPP  was  varied  so  that  the  crossover  occurred  at  an  absorption  of  around  0. 1  and  so  that 
the  crossover  took  place  near  the  maxima  of  the  peak.  The  wavelength  of  the  crossover 
was  then  used  as  the  excitation  wavelength  on  the  LS  50B.  The  emission  slit,  excitation 
slit,  and  scan  speed  were  constant  for  all  the  spectra  obtained.  The  scan  range  and  number 
of  scans  was  kept  constant  for  each  sample/standard  pair  of  spectra.  The  scan  range  was 
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made  wide  enough  so  that  the  baseline  was  as  close  to  zero  as  possible  on  both  sides  of 
the  peak  in  order  to  minimize  error.  The  area  of  the  fluorescence  spectrum  was  then 
calculated  by  the  computer.  The  quantum  yield  was  calculated  using  equation  5.  The 
average  refractive  index  of  the  solutions  were  found  using  CRC  [70].  Multiple 
measurements  with  different  crossover  points  were  completed  for  each  compound  and  the 
results  were  averaged  to  increase  accuracy.  The  samples  were  in  the  same  solvents  used 
for  the  molar  extinction  calculation. 
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III.  RESULTS  &  DISCUSSION 


PORPHYRIN  ABSORPTION  SPECTRA 

The  different  substituent  groups  added  to  the  phenyl  rings  of  TPP  produced 
changes  in  the  relative  intensities  of  the  Q  bands.  A  sample  Q  band  spectrum  for  each 
compound  is  in  Appendix  A.  The  relative  intensities  of  the  peaks  are  shown  in  Table  3 
and  can  be  explained  with  Gouterman's  model.  For  ease  in  reading  the  table  Qx  (0-0)  is 
labeled  1,  Qx  (0-1)  is  2,  Qy  (0-0)  is  3,  and  Qy  (0-1)  is  4. 


Table  3.  Relative  Q  Band  Intensities 


Compound 

Relative  Band  Intensities 

TNH2PP 

3  > 4 > 1 >2 

Tt-butylOHPP 

3  >  4  >  1  >  2 

TOHPP 

4  >  3  >  1  >  2 

TOCH3PP 

4  »  3  >  1  >  2 

TMesitylPP 

4  »  3  >  2  >  1 

TCH3PP 

4  »  3  >  2  >  1 

TPP 

4  »  3  >  2  >  1 

TS03NaPP 

4  »  3  >  2  >  1 

TCOOHPP 

4  »  3  >  2  >  1 

TCOOMePP 

4  »  3  >  2  >  1 

TPFPP 

4  »  2  »  1 

T(CH3)3NPP  (Cl) 

4  »  3  >  2  >  1 

TMePyP 

4  »  2  >  3  »  1 

Starting  with  the  free  base  porphyrin,  Gouterman  found  that  Figure  10  A  was  true. 
Adding  the  four  phenyl  groups  adds  electron  density  to  orbital  bi  raising  it  in  relation  to 
orbital  bz .  Electron  donating  groups  increase  the  energy  of  orbital  bi  further  while 
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electron  withdrawing  groups  decrease  orbital  bi.  Raising  the  energy  of  orbital  bi  causes  a 
larger  relative  difference  between  the  transitions  for  Qx  and  Qy  which  causes  then- 
respective  (0-0)  peaks  to  gain  strength.  This  is  why  the  Qx  (0-0)  and  Qy  (0-0)  bands 
increase  in  relative  strength  as  more  electron  donating  groups  are  added. 

As  seen  above,  the  Qx  (0-0)  and  Qy  (0-0)  transitions  are  affected  more  than  the  Qx 
(0-1)  and  Qy  (0-1)  transitions.  This  is  because  the  vibronic  interaction  removes  some  of 
the  forbidden  nature  of  the  (0-1)  transitions.  Since  the  (0-0)  bands  are  still  forbidden,  they 
start  off  weak  and  show  large  variation.  The  (0-1)  bands,  with  some  of  the  forbiddenness 
removed,  are  relatively  stable  in  intensity. 

ABSORPTION  SHIFTING 

Table  4  shows  the  results  of  the  peak  shifts. 


Table  4.  Absorption  Peak  Shifl 

:s 

Compound 

mm 

kSH 

ESni 

PMCM 

KcShH 

IBM 

TNH2PP 

432 

525 

569 

594 

661 

Tt-butylOHPP 

423 

521 

560 

596 

653 

TOHPP 

422 

518 

556 

594 

651 

TOCH3PP 

423 

517 

554 

593 

650 

TMesitylPP 

418 

512 

544 

589 

646 

TCH3PP 

418 

514 

550 

590 

646 

TPP 

417 

513 

548 

588 

645 

TS03NaPP 

418 

513 

548 

589 

644 

TCOOHPP 

417 

514 

549 

589 

645 

TCOOMePP 

418 

513 

548 

589 

644 

TPFPP 

415 

504 

580 

653 

T(CH3)3NPP  (Cl) 

416 

512 

546 

587 

646 

TMePyP 

426 

516 

552 

590 

646 
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To  make  sure  solvent  interaction  differences  in  the  peak  shift  were  minimized,  the  same 
mixed  solvent  was  used  for  all  the  compounds.  Electron  donating  groups  tended  to  give  a 
red  shift  compared  to  TPP  while  electron  withdrawing  groups  have  little  effect.  Electron 
donating  groups  increase  the  electron  density  of  orbital  bi  thus  increasing  the  energy  of  the 
orbital.  This  leads  to  a  decrease  in  the  energy  of  the  transition,  thus  the  red  shift.  Both 
Hammett  a  and  the  combination  a  coefficient  equation  were  used  to  quantify  this  trend. 
Wavenumbers  (cm'1)  were  used  to  improve  accuracy  as  well.  The  results  for  the  Soret 
and  Qx  (0-0)  bands  compared  to  a  are  shown  in  Figures  20  and  21.  The  same  bands  were 
compared  to  the  combined  a  coefficient  equation  value  and  are  shown  in  Figures  22  and 
23. 
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Figure  20.  Absorption  X^  Shift  versus  Hammett  a:  Soret  Band 
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Figure  21.  Absorption  A,max  Shift  versus  Hammett  a:  Qx  (0-0)  Band 
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Figure  22.  Absorption  A,max  Shift  versus  Combined  cr:  Soret  Band 
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Figure  23.  Absorption  Xmax  Shift  versus  Combined  a:  Qx  (0-0)  Band 
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All  the  bands  show  a  correlation  between  electron  donating/withdrawing  strength  and  the 
absorption  A.max.  For  Figure  20,  the  R2  is  0.80  and  the  F  statistic  corresponds  to  a  99.92% 
confidence.  With  Figure  21,  the  R2  is  0.81  and  the  F  statistic  corresponds  to  a  99.94% 
confidence.  The  correlation  is  improved  after  TMesitylPP  and  TPFPP  are  removed, 
especially  for  Qx(0-0).  The  R2  for  Qx  (0-0)  increases  to  0.92  and  the  F  statistic 
corresponds  to  99.99%  confidence  with  those  compounds  removed.  This  improvement  is 
due  to  that  fact  that  the  Hammett  g  is  not  accurate  for  substituents  in  the  ortho  position  of 
the  phenyl  rings.  The  difference  seen  in  shifting  is  because  of  steric  repulsion  of  the 
electrons  in  orbital  bi .  This  leads  to  a  decrease  in  the  energy  of  orbital  bi  which  results  in 
an  increase  in  the  energy  of  transition.  Thus,  there  is  a  blue  shift  in  the  actual  peak  seen 
compared  to  what  would  be  expected  from  a  compound  with  that  Hammett  a. 

For  the  combined  a  coefficient  plots,  Figures  22  and  23  show  the  combined  a  with 
the  coefficient  values  that  give  the  best  fit.  For  Figure  22,  aR  =  0.7  and  ai  =  0.3  while 
Figure  23  has  an  aR  =  0.78  and  an  ai  =  0.22.  This  shows  that  resonance  is  the  main 
method  of  interaction  between  the  added  substituents  and  the  porphyrin  nucleus,  but  that 
inductance  does  occur  and  is  important.  While  the  overall  result  that  resonance  is  largest 
is  the  same,  this  coefficient  for  resonance  is  slightly  lower  than  the  aR  =  0.8  reported  by 
Meot-Ner  and  Adler  [53].  The  differences  seen  could  be  due  to  solvent  effects. 

MOLAR  EXTINCTION  COEFFICIENT 

The  calculated  log  molar  extinction  coefficient  values  are  shown  in  Table  5. 
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Table  5.  Molar  Extinction  Coefficient 


Compound 

Soret  Band 
log  8 

TNH2PP 

5.72 

4.06 

4.10 

3.67 

3.81 

Tt-butylOHPP 

5.56 

4.26 

4.27 

3.90 

3.99 

TOHPP 

5.86 

4.10 

3.99 

3.63 

3.68 

TOCH3PP 

5.90 

4.27 

4.10 

3.75 

3.88 

TMesitylPP 

5.77 

4.29 

4.76 

3.73 

3.52 

TCH3PP 

5.75 

4.27 

4.02 

3.64 

3.68 

TPP  (571 

5.62 

4.22 

3.95 

3.70 

3.60 

TSOsNaPP 

5.53 

4.12 

3.74 

3.68 

3.45 

TCOOHPP 

5.53 

4.20 

3.88 

3.75 

3.64 

TCOOMePP 

5.66 

4.32 

3.98 

3.76 

3.61 

TPFPP 

5.40 

4.30 

3.84 

3.41 

EBSaiiHi 

5.47 

4.16 

3.74 

3.74 

3.46 

TMePyP 

5.27 

4.14 

3.69 

3.76 

3.15 

In  order  to  see  if  there  was  a  trend  in  the  strength  of  8  based  on  electron 
donating/withdrawing  strength,  the  Hammett  a  and  the  combined  a  coefficient  were  used. 
These  values  were  plotted  against  log  8.  The  results  for  the  Soret  and  Qx  (0-0)  bands  for 
the  Hammet  a  are  shown  in  Figures  24  and  25.  The  same  bands  were  compared  to  the 
combined  c  coefficient  equation  and  the  best  coefficient  value  plot  for  each  are  shown  in 
Figures  26  and  27. 
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Figure  24.  Soret  Band  Molar  Extinction  Coefficient  versus  Hammett  a 
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Figure  25.  Qx  (0-0)  Band  Molar  Extinction  Coefficient  versus  Hammett  a 
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Figure  26.  Soret  Band  Molar  Extinction  Coefficient  versus  Combined  a 
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Figure  27.  Qx  (0-0)  Band  Molar  Extinction  Coefficient  versus  Combined  a 
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As  shown  in  the  graphs,  there  is  a  correlation  between  log  e  and  electron 
donating/withdrawing  strength.  According  to  the  F  test,  these  correlations  are  significant, 
however  the  R2  values  are  not  as  impressive.  For  Figure  24,  the  R2  is  only  0.67  and  the  F 
statistic  corresponds  to  98.75%  confidence.  The  R2  for  Figure  25  is  only  0.66  and  the  F 
test  shows  a  98.68%  confidence.  This  is  probably  because  of  solvent  effects.  Because 
exact  concentration  was  needed  for  the  calculation  of  molar  extinction  over  a  wide  range 
of  concentrations,  different  solvents  were  used.  Molar  extinction  is  solvent  dependent, 
which  would  skew  the  correlation  enough  to  lower  the  R2  value. 

For  the  Qx(0-0)  band,  the  fit  is  improved  by  dropping  TMesitylPP.  This  changes 
the  R2  to  0.75  and  the  F  test  gives  a  99.19%  confidence.  Again,  this  is  probably  because 
of  the  ortho  methyl  groups  steric  interactions  with  orbital  bi. 

With  the  combined  a  coefficient  plots,  only  the  best  fit  for  the  coefficients  are 
shown.  For  Figure  26,  aR  =  0.73  and  ai  =  0.27  while  Figure  27  has  an  aR  =  0.59  and  an  ai 
=  0.41.  Again,  resonance  is  the  main  method  of  interaction  but  inductance  does  occur  and 
is  important. 

A  large  molar  extinction  coefficient  is  desired  for  a  better  dye.  Based  on  that  fact 
and  the  values  determined,  more  electron  donating  groups  improve  the  molar  extinction 
coefficient.  Thus,  adding  an  electron  donating  group  to  a  dye  with  a  poorer  molar 
extinction  coefficient  could  improve  its  value. 

OSCILLATOR  STRENGTH 

Oscillator  strength  was  calculated  using  equation  3  and  the  values  are  reported  in 
Table  6. 
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Table  6.  Calculated  Oscil 

ator  Strength 

Compound 

TNH2PP 

2.13 

Tt-butylOHPP 

2.46 

TOHPP 

2.23 

TOCH3PP 

1.50 

TMesitylPP 

1.30 

TCH3PP 

1.81 

TS03NaPP 

1.18 

TCOOHPP 

0.88 

TCOOMePP 

1.39 

TPFPP 

1.30 

T(CH3)3NPP  (Cl) 

0.98 

TMePyP 

1.08 

The  Hammett  a  and  the  combined  a  coefficient  were  used  to  compare  these  results  based 
on  electron  donating/withdrawing  capacity.  These  can  be  seen  in  Figures  28  and  29, 
respectively. 
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Figure  28.  Oscillator  Strength  versus  Hammett  a 
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Figure  29.  Oscillator  Strength  versus  Combined  a 

A  trend  towards  lower  oscillator  strength  as  the  substituents  become  more  electron 
withdrawing  is  seen.  This  follows  the  same  trend  as  8,  which  was  expected  based  on 
equation  3.  However,  these  oscillator  strength  values  contain  much  error.  There  is  error 
due  to  solvent  effects  and  error  due  to  the  approximate  nature  of  the  calculation.  Thus 
these  values  only  show  the  trend  and  are  probably  not  the  exact  oscillator  strengths.  The 
R2  for  this  is  0.77  and  the  F  test  statistic  shows  a  99.7%  confidence.  Dropping 
TMesitylPP  and  TPFPP  improves  the  R2  to  0.83  while  the  F  test  statistic  remains  virtually 
unchanged  at  99.5%. 

For  Figure  29,  the  aR  =  0.65  and  the  ai  =  0.35.  Again,  resonance  was  stronger  of 
the  two  but  inductance  was  important. 

Because  of  its  relationship  to  molar  extinction  coefficient,  oscillator  strength 
should  also  be  relatively  high  for  a  better  dye.  Based  on  these  calculations,  more  electron 
donating  groups  improve  the  value  of  oscillator  strength. 
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FLUORESCENCE  SPECTRA  SHIFTING 


Fluorescence  spectra  shifts  followed  the  same  trend  as  the  absorption  spectra 
shifts.  The  wavelength  for  the  fluorescence  peak  for  each  sample  is  shown  in  Table  7.  A 
sample  fluorescence  spectrum  for  each  compound  studied  is  in  Appendix  B. 


Table  7.  Fluorescence ' 

>eak  Shifts 

Compound 

Fluorescence  shift  | 

TNH2PP 

678 

Tt-butylOHPP 

664 

TOHPP 

662 

TOCH3PP 

659 

TMesitylPP 

650 

TCH3PP 

654 

TPP 

651 

TS03NaPP 

651 

TCOOHPP 

652 

TCOOMePP 

651 

TPFPP 

640 

T(CH3)3NPP  (Cl) 

650 

TMePyP 

656 

As  shown  in  Figure  30,  electron  donating  groups  gave  a  red  shift  while  electron 
withdrawing  groups  give  a  blue  shift. 
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Figure  30.  Fluorescence  versus  Hammett  o 
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Figure  3 1 .  Fluorescence  versus  Combined  o 

The  trend  seen  is  clearer  than  that  of  8  and /because  a  mixed  solvent  was  used  to 
minimize  skewing  from  solvent  effects.  For  Figure  30,  the  R2  is  0.79  and  the  F  statistic 
gives  a  confidence  of  99.91%.  An  improvement  is  seen  when  TMesitylPP  and  TPFPP  are 
removed.  The  R2  increases  to  0.89  and  the  F  statistic  gives  a  confidence  of  99.96%. 

Figure  3 1  shows  the  best  combined  a  coefficient  for  the  fluorescence  peak  shifting, 
where  aR  =  0.73  and  ai  =  0.27.  As  expected,  these  values  are  very  similar  to  the  aR  and  ai 
values  for  the  absorption  shifting. 

For  optical  limiting,  fluorescence  peak  shifting  is  not  very  important.  However,  in 
finding  the  fluorescence  peak  shift,  the  strength  of  the  fluorescence  can  be  seen.  All  of 
these  compounds  had  strong  fluorescence  which  indicates  poor  intersystem  crossing. 

Thus,  this  specific  group  of  compounds  will  probably  not  show  very  good  optical  limiting. 
QUANTUM  YIELD 

The  fluorescence  quantum  yield  was  calculated  using  equation  5.  Table  8  shows 
the  solvent  corrected  <|>f  values  calculated. 
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Table  8.  Fluorescence  Quantum  Yield 


Compound 

<(>f 

TNH2PP 

0.137 

Tt-butylOHPP 

0.132 

TOHPP 

0.107 

TOCH3PP 

0.122 

TMesityIPP 

0.095 

TCH3PP 

0.103 

TPP  [691 

0.100 

TSOjNaPP 

0.109 

TCOOHPP 

0.072 

TCOOMePP 

0.088 

TPFPP 

0.075 

T(CH3)3NPP  (Cl) 

0.075 

TMePyP 

0.035 

Again,  Hammett  a  and  the  combined  a  were  used  to  compare  the  results.  These  graphs 
can  be  seen  in  Figures  32  and  33. 
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Figure  32.  Quantum  Yield  versus  Hammett  a 
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Figure  33.  Quantum  Yield  versus  Combined  ct 

As  seen  in  both  graphs,  electron  donating  groups  tended  to  have  higher  <J>f.  The  greater 
electron  density  causes  an  increase  in  the  energy  of  orbital  bi  which  decreases  the  energy 
of  the  transition.  This  makes  it  easier  for  electrons  to  be  excited  into  higher  states  which 
increases  the  probability  of  photons  being  emitted.  Using  equation  8,  kf  is  probably  large 
while  ksT  is  probably  small. 

For  Figure  32,  the  R2  is  0.66  while  the  F  statistic  gives  a  99.23%  confidence.  Even 
though  different  solvents  were  used,  corrections  for  the  solvents  were  in  the  calculation 
itself.  This  kept  solvent  effects  from  skewing  the  values  calculated. 

With  Figure  33,  aR  =  0.6  while  ai  =  0.4.  This  is  a  bit  lower  than  values  seen  for  aR 
and  aj.  This  could  be  due  to  solvent  effects.  Even  though  the  refractive  index  for  the 
solvents  are  used  in  the  calculation,  the  refractive  index  of  each  solvent  was  taken  from 
CRC  and  was  not  determined  for  each  solvent  on  the  day  they  were  used. 
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IV.  CONCLUSION 


The  purpose  of  this  project  was  to  study  the  optical  properties  of  TPP  after 
various  substituent  groups  were  added  to  the  phenyl  rings.  The  electron 
donating/withdrawing  capacity  of  those  groups  was  used  to  determine  if  there  were  trends 
in  the  changes  of  the  optical  property  being  studied.  These  optical  properties  included 
UV-VIS  absorption  Xmax,  molar  extinction  coefficient,  oscillator  strength,  fluorescence 
shifting,  and  fluorescence  quantum  yield.  The  Hammett  a  was  used  to  quantify  the 
electron  donating/withdrawing  nature  of  the  substituted  groups. 

All  the  optical  properties  studied  had  a  general  inclination  to  increase  or  decrease 
in  value  based  on  the  electron  donating/withdrawing  strength  of  the  substituted  groups. 
UV-VIS  absorption  Xmax  had  a  red  shift  for  more  electron  donating  groups.  Molar 
extinction  coefficient  and  oscillator  strength  both  showed  an  increase  for  electron  donating 
groups.  Fluorescence  also  showed  a  red  shift  with  electron  donating  groups.  Finally, 
fluorescence  quantum  yield  showed  an  increase  with  electron  donating  groups. 

The  Hammett  sigma  was  also  split  into  its  resonance  and  inductive  components. 
Then  the  combined  sigma  equation  was  used  to  determine  the  extent  of  resonance  in  the 
molecule.  An  average  of  69%  resonance  and  31%  inductance  was  found,  with  a 
resonance  high  of  78%  and  low  of  59%.  This  shows  that,  while  resonance  was  the 
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strongest  influence  on  the  shifting  of  the  optical  properties,  inductive  effects  did  occur  and 
were  important. 

The  trends  found  in  this  study  are  important  for  the  development  of  future  dyes. 

In  developing  a  dye,  many  compromises  are  necessary.  While  a  substituted  group  might 
improve  the  performance  of  one  optical  property,  it  could  decrease  the  performance  of 
another.  Besides  being  used  to  determine  the  optimum  substituent  group  to  add  to 
improve  a  specific  property,  plots  like  the  ones  created  could  be  used  to  determine  how 
the  other  properties  will  most  likely  be  affected  and  which  property  is  most  affected.  For 
this  series  of  compounds,  besides  the  absorption  Xmax  shifting  involved,  fluorescence 
quantum  yield  had  the  most  notable  change  based  on  the  substituent  group  added.  Thus, 
the  best  improvements  for  this  group  of  compounds  would  involve  focusing  on  decreasing 
the  fluorescence  quantum  yield. 

There  are  many  future  studies  that  could  be  completed.  Future  work  on  the 
specific  molecules  studied  could  include  fluorescence  lifetime  determination,  and  time 
resolved  fluorescence  as  well  as  actual  laser  tests.  Fluorescence  lifetime  shows  how  long 
it  takes  before  the  compound  in  question  emits  energy.  Time  resolved  fluorescence  shows 
possible  isomerization  based  on  the  shape  of  the  curve  obtained.  Laser  testing  determines 
if  optical  limiting  is  actually  occurring. 

Another  direction  would  be  to  study  the  addition  of  a  metal  to  the  compounds. 
Creating  the  metal  salt  tends  to  improve  the  optical  limiting  properties  of  the  molecule. 
This  is  due  to  the  heavy  atom  effect.  A  metal  in  the  center  of  the  porphyrin  contributes 
small  electronic  and  spin  orbit  perturbations.  While  the  electronic  perturbations  cause 
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small  differences  in  the  absorption  of  the  molecule,  the  spin  orbit  perturbations  cause  large 
changes  in  <|)f  and  <J>t  [44].  Using  Figure  1,  the  radiationless  decay  from  Si  to  Ti  increases 
when  a  heavy  atom  is  present.  This  populates  the  triplet  state  more  and  allows  more 
phosphorescence  to  occur.  Using  equation  8,  heavy  metals  increase  the  rate  of 
intersystem  crossing,  ksi,  decreasing  <|)f.  Common  metals  used  include  cobalt,  copper,  and 
zinc. 

In  conclusion,  while  this  specific  set  of  compounds  do  not  appear  to  be  very  good 
optical  limiting  dyes,  the  trends  in  the  changes  in  the  optical  properties  reported  can  be 
used  to  help  design  both  better  dyes  and  future  studies. 
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APPENDIX  A 


Sample  Q  band  Absorption 
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APPENDIX  B 


Sample  Fluorescence  Spectra 
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